Introduction
============

Solution-processable conjugated polymers (CP) continue to dominate the field of low-cost, organic device technologies such as optical sensors,[@cit1]--[@cit3] polymer light-emitting diodes,[@cit4]--[@cit6] photovoltaic devices[@cit7],[@cit8] and field effect transistors.[@cit9],[@cit10] Such devices typically require a multi-layer architecture to meet the optoelectronic requirements.[@cit11],[@cit12] Device performance thus depends critically on both the interfacial contact between active layers and the nanoscale morphology of individual layers, which in turn is intrinsically linked to the optoelectronic properties.[@cit13]--[@cit15] Although multi-layer devices can be fabricated using inexpensive solution-phase coating or printing techniques,[@cit16] this is non-trivial, and obtaining the fine balance between the polymer morphology in solution and the wettability of the deposited films can be challenging to achieve.

Conjugated polymer organic--inorganic hybrid and composite materials present an elegant approach to indirectly manipulate the conformation and orientation of the polymer within the active layer[@cit17]--[@cit20] as well as improving environmental stability.[@cit21] The confinement of a conjugated polymer within a nanoporous inorganic structure has been shown to enhance electroluminescence.[@cit22] Moreover, non-covalent interactions (*e.g*. hydrogen and ionic bonding, π--π stacking, hydrophobic) can also be exploited and coordinated to yield desirable morphologies at the organic--inorganic phase interface.[@cit23] However, in each of these examples, the inorganic component has served primarily to isolate or aggregate the polymer chains and makes no contribution to the functional properties of the material. This represents a missed opportunity, since one of the inherent curiosities of organic--inorganic hybrid materials is the potential for emergent or enhanced properties deriving from the interaction between the two components.[@cit24]

To address this limitation, we have designed a novel series of CP-materials that utilise a family of organic--inorganic hybrid polymers known as the di-ureasils as the host. Di-ureasils are comprised of a siliceous skeleton that is chemically-grafted to poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO) chains through two urea \[NHC(0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O)HN\] cross-linkages ([Fig. 1a](#fig1){ref-type="fig"}).[@cit25],[@cit26] We chose to use a di-ureasil as our host material for several reasons. Firstly, an organic--inorganic hybrid should show improved chemical compatibility with the CP compared with a purely inorganic matrix, thereby minimising the risk of phase separation. Secondly, the di-ureasil structure presents multiple chemical groups for physical interaction with the CP *via* hydrogen or electrostatic bonding. Thirdly, the di-ureasils themselves are intrinsically photoluminescent and have been frequently employed in optical applications, *e.g.* as light-emitting materials[@cit27] and in luminescent solar concentrators.[@cit28] As such, they should function as active hosts and contribute to the optoelectronic properties of the resultant material. Further, the fact that the di-ureasil emissive sites are relatively localised within thermally accessible trap states provides the intriguing possibility of enhancing yields in electroluminescent devices based on these materials through thermal activation.[@cit29] This is similar to the thermally activated delayed fluorescence (TADF) approach currently being exploited in the development of the next generation of high efficiency organic light emitting diodes.[@cit30] Finally, as the di-ureasils combine the inherent flexibility of the PEO/PPO component with the thermal and mechanical stability of the organosilica, they are prime candidates as materials for flexible display technologies.[@cit31]

![(a) Chemical structures of the non-hydrolysed di-ureasil precursor (d-UPTES) and the CPEs investigated. (b) Schematic representation of the two synthetic routes used to prepare CPE-di-ureasil composites. In the *Direct Insertion* method, the d-UPTES precursor is mixed with a solution of the CPE prior to initiation of the sol--gel reaction. Hydrolysis and condensation of the silica network proceeds with the CPE *in situ*, such that it becomes trapped within the di-ureasil matrix. In the solvent *Permeation* method, a pre-formed di-ureasil sample is immersed in a solution of the CPE. The di-ureasil absorbs the solution, leading to uptake of the CPE. Upon drying the di-ureasil contracts to its initial size.](c5sc02409a-f1){#fig1}

Herein, we report the synthesis, structural characterisation and optical performance of CPE-di-ureasil materials incorporating the water-soluble poly(fluorene) conjugated polyelectrolytes (CPEs), **PBS-PFP**[@cit32],[@cit33] and **HTMA-PFP**[@cit34],[@cit35],[@cit36] ([Fig. 1a](#fig1){ref-type="fig"}). Two distinct synthetic procedures have been developed to incorporate the CPE, which enable us to probe the influence of the local host environment on the photophysical properties of the CP. We demonstrate that these CPE-di-ureasil composites exhibit a dramatic enhancement of their photoluminescence in the solid state, with photoluminescence quantum yields (PLQY) reaching \> 50%. We show using picosecond time-resolved emission studies that the observed photoluminescence enhancement results from electronic communication between the CPE and the di-ureasil and potential mechanisms for the energy/charge transfer are discussed. To the best of our knowledge, this is the first demonstration of enhanced PLQYs in a CPE-composite material due to a synergistic interaction between the CPE and an active host. Given the simple, solution-based fabrication method and the structural tunability of the two components, this approach presents a versatile and efficient route to highly desirable CPE-hybrid materials whose optoelectronic properties may be enhanced and tailored for a targeted end-application.

Results and discussion
======================

Synthesis of CPE-di-ureasil composites
--------------------------------------

The synthesis of the dU-(600) di-ureasil has been reported in detail elsewhere.[@cit25],[@cit26],[@cit37] In brief, 3-isocyanatoproplytriethoxysilane (ICPTES) is first reacted with the commercial polyetheramine Jeffamine ED-600 to form the intermediate di-ureapropyltriethoxysilane (d-UPTES) ([Fig. 1a](#fig1){ref-type="fig"}). Acid-catalysed hydrolysis and condensation of the siliceous framework subsequently yields the di-ureasil d-U(600). **PBS-PFP** and **HTMA-PFP** were incorporated into the di-ureasil using two different approaches, as illustrated in [Fig. 1b](#fig1){ref-type="fig"}. Detailed sample compositions are shown in [Table 1](#tab1){ref-type="table"}. In the *Direct Insertion* (DI) method, a fixed volume of CPE stock solution is mixed with the d-UPTES precursor solution prior to condensation of the silica network. The samples in this series are designated as DI-PBS-*x* and DI-HTMA-*x*, for **PBS-PFP** and **HTMA-PFP** di-ureasils, respectively, where *x* represents the concentration (in × 10^--3^ wt%) of the CPE within the di-ureasil.

###### Composition of CPE-di-ureasils prepared in this study. \[CPE\] is the concentration of the stock CPE solution (in mM repeat units (r.u.)), that is either added to the d-UPTES intermediate (DI method) or in which the di-ureasil is immersed (SP method). The weight percent (wt%) of CPE incorporated was estimated from \[CPE\] and the resultant mass of the dry CPE-di-ureasil for the DI method and from the solvent uptake, \[CPE\] and the mass of the dry CPE-di-ureasil for the SP method

  Method                    Polymer        Sample          \[CPE\] (mM r.u.)   CPE wt%
  ------------------------- -------------- --------------- ------------------- ---------
  Direct Insertion (DI)     **PBS-PFP**    DI-PBS-0.0      0                   0
  DI-PBS-1.0                0.2            1 × 10^--3^                         
  DI-PBS-2.0                0.4            2 × 10^--3^                         
  DI-PBS-4.0                0.8            4 × 10^--3^                         
  DI-PBS-8.0                1.6            8 × 10^--3^                         
  Direct Insertion (DI)     **HTMA-PFP**   DI-HTMA-0.0     0                   0
  DI-HTMA-1.0               0.2            1 × 10^--3^                         
  DI-HTMA-2.0               0.4            2 × 10^--3^                         
  DI-HTMA-4.0               0.8            4 × 10^--3^                         
  DI-HTMA-8.0               1.6            8 × 10^--3^                         
  Solvent Permeation (SP)   **PBS-PFP**    SP-PBS-0.0      0                   0
  SP-PBS-0.7                0.01           0.7 × 10^--3^                       
  SP-PBS-2.0                0.03           2.0 × 10^--3^                       
  SP-PBS-3.4                0.05           3.4 × 10^--3^                       
  SP-PBS-7.0                0.1            7.0 × 10^--3^                       

In the *Solvent Permeation* (SP) method, a preformed dU-600 di-ureasil sample is immersed in a solution (of fixed volume and concentration) of the CPE. Gradual swelling of the di-ureasil is observed with increasing immersion time due to permeation of the CPE-solvent system into the cross-linked hybrid network. We focus our discussion here on the SP-PBS-*x* series, but comparable results were also obtained for SP-HTMA, indicating that the nature of the ionic side chain has little influence on this mode of synthesis. Notably, no variation in the solvent percentage uptake trends was observed for different batches of the parent di-ureasil, suggesting that the synthetic procedure leads to highly reproducible samples (see Fig. S3[†](#fn1){ref-type="fn"}). At longer immersion times (\>1000 min), the percentage solvent uptake slows and eventually plateaus at ∼180% for SP-PBS-0, which corresponds to the solvent equilibrium point.[@cit38] Comparable swelling trends were previously reported for di-ureasil membranes prepared from the related Jeffamine ED-2000 in ethylene carbonate/propylene carbonate mixtures.[@cit39] Although longer immersion times led to increased gel swelling, the samples displayed a higher tendency towards cracking upon drying, which is due to a reduction in the degree of cross-linking in the swollen state.[@cit40],[@cit41] Thus, an immersion time of 5 hours, corresponding to a percentage uptake of ∼70%, was found to be the best compromise between maintaining the mechanical strength of the di-ureasil, and simultaneously enabling sufficient CPE incorporation. We note that the percentage uptake is greater for the CPE solution when compared to the pure solvent (Fig. S3[†](#fn1){ref-type="fn"}); however, this increase is not strongly dependent on the concentration of the CPE solution (within the range examined).

Both methods yield pristine elastomeric monoliths, which exhibit intense blue photoluminescence under UV illumination ([Fig. 2](#fig2){ref-type="fig"}). Notably, once incorporated, the CPE is physically-retained within the di-ureasil network. Following immersion of CPE-di-ureasils in an appropriate solvent system for up to 24 h, no detectable CPE photoluminescence was observed from the immersion solution (Fig. S4[†](#fn1){ref-type="fn"}). The distribution of the CPEs within the di-ureasil was investigated using fluorescence confocal microscopy. From [Fig. 2](#fig2){ref-type="fig"} we observe that for the DI method, the CPE forms isolated domains of *ca*. 2 μm diameter, which are homogeneously distributed within the di-ureasil matrix. Each domain is anticipated to comprise of multiple CPE chains. In contrast, for materials prepared by the SP method, a dense CPE layer of ∼12--14 μm in thickness is observed at the surface of the sample. Comparison of the intensity depth profiles ([Fig. 2c and d](#fig2){ref-type="fig"}) reveals that for the DI method, the PL emission originates at depths \>4 μm, whereas for the SP method the emissive layer is confined to the surface, which accounts for the observed differences in the absolute emission intensities for these samples ([Fig. 2a and b](#fig2){ref-type="fig"}). These observations are consistent with the synthetic conditions: for DI, the di-ureasil network condenses with the CPE *in situ*, whereas for SP the CPE is incorporated *via* diffusion through the swollen di-ureasil network. For SP, however, the permeation distance is determined by the immersion time, the solubility parameters of the di-ureasil, CPE and the solvent, and the degree of cross-linking. As such, under the experimental conditions employed here, the CPE is unable to penetrate much further than the surface of the di-ureasil.

![Confocal microscopy images (*λ*~ex~ = 405 nm) from 20 and 4 μm beyond the surface of (a) DI-PBS-1.0 and (b) SP-PBS-0.7, respectively. (c) Lateral cross-section of DI-PBS-1.0 reconstructed from confocal microscopy images (*λ*~ex~ = 405 nm) showing fluorescence throughout the sample depth investigated, 68 μm. (d) Lateral cross-section of SP-PBS-0.7 reconstructed from confocal microscopy images (*λ*~ex~ = 405 nm) showing fluorescence from a 12--14 μm surface layer. Sample depth investigated, 32 μm. (e) Photograph of DI-PBS-0.0, DI-PBS-1.0, DI-PBS-2.0 and DI-PBS-4.0 under UV-illumination (*λ*~ex~ = 366 nm).](c5sc02409a-f2){#fig2}

Bulk and local structural characterisation
------------------------------------------

The bulk structural features of CPE-di-ureasils were examined by powder X-ray diffraction (XRD), solid-state magic angle spinning nuclear resonance spectroscopy (MAS-NMR) and Fourier transform infrared (FTIR) spectroscopy. All samples exhibit XRD patterns that are typical of di-ureasils, characterised by two broad overlapping peaks, centred at 16.6° and 22.5°, respectively (Fig. S5[†](#fn1){ref-type="fn"}). The more intense peak at 22.5° is associated with the presence of coherent diffracting regions of the siliceous network,[@cit27],[@cit37],[@cit42],[@cit43] whose structural unit distance, *d*, was determined to be 4.0 ± 0.1 Å (from Bragg\'s law). The weak second order peak is observed at 43--46°. The overlapping peak at 16.6° is attributed to the in-plane ordering of additional intra-siloxane domains, as previously observed for di-ureasil and di-urethane hybrids prepared *via* carboxylic acid solvolysis.[@cit43] The coherence length, *L*, over which the structural unit survives (*i.e*. the crystallite size) was calculated as 21 ± 2 Å (from the Scherrer equation),[@cit44] which is comparable to the diameter of siliceous domains reported for self-assembled alkyl-siloxane hybrids.[@cit45] The structural unit distances are somewhat larger than the average bond distances for Si--O, O--O and Si--Si (1.62, 2.65, and 3.12 Å, respectively), reflecting a local order that is developed over distances beyond the first few nearest neighbour shells. However, the XRD patterns are essentially independent of both the charge and concentration of the CPE and the preparation method, suggesting that sub-nanometre organisation of the siliceous network is unaffected by CPE incorporation.

The corresponding ^29^Si MAS-NMR spectra exhibit broad signals characteristic of T~1~ (R′Si(OSi)-(OR)~2~, ∼49 ppm), T~2~ (R′Si(OSi)~2~(OR), ∼58 ppm) and T~3~ (R′Si(OSi)~3~, ∼66 ppm) organosiloxane units (Fig. S6[†](#fn1){ref-type="fn"}).[@cit27],[@cit42],[@cit43] The absence of a T~0~ signal confirms that no unreacted precursor remains. The degree of condensation, *C*, of the siliceous network, was found to be between 73--81%, which is consistent with values previously reported for di-ureasils doped with lanthanide ions (Table S1[†](#fn1){ref-type="fn"}).[@cit27] Notably, the degree of condensation is not significantly affected by either the method of incorporation, the charge on the CPE or its concentration. The ^13^C CP/MAS NMR spectra agree with those previously reported for di-ureasils of this type (Fig. S7[†](#fn1){ref-type="fn"})[@cit43] further confirming that the integrity of the network structure is maintained upon CPE incorporation.

FTIR spectroscopy has been shown to provide valuable insight into the influence of the preparation method and/or doping with lanthanide ions/complexes on the di-ureasil structure.[@cit27],[@cit42] The amide I region (1610--1770 cm^--1^) in particular, can provide diagnostic information about the specificity and degree of hydrogen bonding interactions associated with C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O stretching frequencies in different local environments.[@cit26] The amide I band of CPE-di-ureasils is moderately influenced by the type and concentration of CPE incorporated, most notably at the higher concentrations (4 × 10^--3^ wt%); however significant differences are observed for the two preparation methods ([Fig. 3](#fig3){ref-type="fig"} and Table S2[†](#fn1){ref-type="fn"}). For the DI samples, Gaussian deconvolution reveals the presence of two components centred at 1708 (Peak 1) and 1663 cm^--1^ (Peak 2), attributed to *ν*~C0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 1111111111111111111111111111111111\ 1111111111111111111111111111111111\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 1111111111111111111111111111111111\ 1111111111111111111111111111111111\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000\ 0000000000000000000000000000000000O~ stretches located within disordered hydrogen-bonded POE-urea associations of increasing strength, and a third component at 1635 cm^--1^ (Peak 3) due to self-organised, hydrogen-bonded urea--urea interactions.[@cit26],[@cit27],[@cit42] The absence of a peak at 1750 cm^--1^ further confirms that all urea groups undergo hydrogen-bonding interactions.[@cit26],[@cit27] A slightly decreased contribution from Peak 3 is observed for DI-PBS-4.0 when compared to DI-HTMA-4.0, suggesting the formation of a less ordered host network upon incorporation of the anionic **PBS-PFP**. The SP-samples also exhibit a three-component amide I band; however their relative contributions differ considerably. A decrease in Peak 1 is accompanied by a concomitant increase in the relative contribution of Peak 2 (10%). This suggests that the incorporation of CPE *via Solvent Permeation* disrupts and reorders the disordered hydrogen-bonded POE/urea associations, which is consistent with swelling and contraction of the di-ureasil network. We note that the hydrogen-bonded urea--urea interactions (Peak 3) appear to be unaffected by this process.

![Results of curve-fitting preformed in the 'amide I' region of the samples prepared *via* both the *Direct Insertion* and *Solvent Permeation* methods: (i) DI-PBS-0.0, (ii) SP-PBS-0.0, (iii) DI-PBS-4.0 and (iv) SP-PBS-3.4. The numbers identify the peaks described in the text.](c5sc02409a-f3){#fig3}

Thermal- and photostability
---------------------------

The thermograms for the undoped samples (*e.g*. DI-PBS-0.0) are in excellent agreement with that previously reported for the d-U(600) di-ureasil,[@cit46],[@cit47] with the onset of sample decomposition observed at ∼339 °C ([Fig. 4a](#fig4){ref-type="fig"}). Incorporation of **PBS-PFP** or **HTMA-PFP***via* either method yields a material with good thermal stability with the onset of thermal decomposition occurring between 337--352 °C. This thermal stability considerably surpasses the moderate operating temperatures (∼65--140 °C) present in organic electronic devices.[@cit48] The photostability of the CPE-di-ureasils was also investigated. [Fig. 4b](#fig4){ref-type="fig"} shows the integrated emission intensity of DI-PBS-4.0, SP-PBS-3.4, DI-HTMA-4.0 and a pure **PBS-PFP** film as a function of irradiation time upon excitation at 370 nm. Irradiation of the **PBS-PFP** film over time results in the growth of a green emission band centred at 560 nm that is characteristic of the formation of fluorenone defects on poly(fluorene) chains.[@cit49] This band eventually becomes more intense than the initial blue-poly(fluorene) emission. Thus to examine purely the poly(fluorene) contribution to the emission, the integrated intensity for all samples was measured in the range 385--490 nm. The integrated intensity of the **PBS-PFP** film dropped gradually to 40% of the initial value in the first hour, and continued to decrease to 25% at the end of the irradiation period (2 h). This is in contrast to DI-BPS-4.0, SP-PBS-3.4 and DI-HTMA-4.0, whose emission shows improved stability to extended irradiation, retaining \>80% of the initial intensity at the end of the study.

![(a) TGA thermograms of DI-PBS-0.0 (blue line), DI-PBS-4.0 (red line), SP-PBS-3.4 (blue line) and DI-HTMA-4.0 (green line). TGA measurements were performed in air at a heating rate of 10 °C min^--1^. (b) Integrated emission intensity of a pure **PBS-PFP** thin film on glass (open blue circles), DI-PBS-4.0 (open red squares), SP-PBS-3.4 (open black triangles) and DI-HTMA-4.0 (open green diamonds) under irradiation at 370 nm. The black lines serve only to guide the eye.](c5sc02409a-f4){#fig4}

Steady-state photoluminescence studies
--------------------------------------

Undoped samples prepared by both the DI and SP methods exhibit a broad emission band centred between 380 and 450 nm, which is characteristic of di-ureasils ([Fig. 5a](#fig5){ref-type="fig"}). This emission has previously been assigned to radiative electron--hole recombination mediated by donor--acceptor pairs occurring at distinct localised trap states: (i) oxygen defects in the siliceous nanodomains (purple-blue component centred at ∼2.78--3.28 eV) and (ii) photo-induced proton transfer between NH~2~^+^ and N^--^ defects localised at the urea linkages (blue component centred at ∼2.53--3.13 eV).[@cit37],[@cit50] The emission maximum is strongly dependent on the excitation energy, red-shifting to longer wavelengths as *λ*~ex~ increases. A similar trend is observed in the corresponding excitation spectrum (Fig. S8[†](#fn1){ref-type="fn"}).

![PL (*λ*~ex~ = 320, 330, 340, 350, 360, 370 and 380 nm) of (a) DI-PBS-0.0 and (b) DI-PBS-1.0. (c) Excitation spectra (*λ*~em~ = 400, 420, 440, 460 and 480 nm) of DI-PBS-1.0. (d) Photoluminescence quantum yield (*λ*~ex~ = 370 nm) for SP-PBS-*x* (closed squares), DI-PBS-*x* (closed circles) and DI-HTMA-*x* (open triangles). The solid lines serve solely to guide the eye.](c5sc02409a-f5){#fig5}

In contrast, DI-PBS samples exhibit the characteristic, poly(fluorene) emission profile, featuring a structured band between 400--500 nm, as shown in [Fig. 5b](#fig5){ref-type="fig"} for DI-PBS-1.0. A small blue-shift (∼2 nm) in the emission maximum is observed upon transferring the CPEs from a good solvent to the solid-state demonstrating that isolation of individual polymer chains is improved upon incorporation into the di-ureasil.[@cit32],[@cit51] This suggests that rather than undergoing phase separation, as could be anticipated when blending two chemically-dissimilar polymers,[@cit52] ion--dipole interactions between the CPE and the di-ureasil network effectively break-up polymer chain aggregates. Furthermore, a distinct contribution from the di-ureasil to the emission spectrum can also be discerned. Excitation between 320--350 nm, which is semi-selective for di-ureasil excitation, results in significant broadening of the high-energy edge of the emission band. Similarly, as *λ*~ex~ is increased between 320--380 nm, gradual broadening of the lower energy region of the emission spectrum is also observed. The corresponding excitation spectra reveal similar emission wavelength dependence ([Fig. 5c](#fig5){ref-type="fig"}). As the **PBS-PFP** concentration is increased, the extent of broadening at the high energy, blue-edge is decreased in favour of the lower energy region (see Fig. S9[†](#fn1){ref-type="fn"}). SP-PBS-di-ureasils show a similar trend in the PL emission and excitation spectra, with spectral broadening occurring at both edges of the band, although to a somewhat reduced extent (see Fig. S10[†](#fn1){ref-type="fn"}).

We note that for the DI-HTMA-*x* series, the emergence of poly(fluorene)-like emission is observed only upon incorporation of a critical concentration of the CPE. For example, while DI-HTMA-1.0 exhibits the characteristic emission profile of the undoped di-ureasil (see Fig. S11a and b[†](#fn1){ref-type="fn"}), the emission spectrum of DI-HTMA-4.0 resembles that of the CPE in solution, with moderate contribution from the di-ureasil in the form of excitation wavelength dependent emission and band-broadening These subtle differences provide the first indication for a weaker interaction between the CPE and the di-ureasil for the **HTMA-PFP** system (Fig. S11c and d[†](#fn1){ref-type="fn"}).

The corresponding photoluminescence quantum yields (*λ*~ex~ = 370) as a function of wt% of CPE incorporated are shown in [Fig. 5d](#fig5){ref-type="fig"}.[@cit53] Undoped di-ureasils prepared by both methods exhibit a PLQY of 2.3--6.8%, which is in good agreement with previously reported values for di-ureasils synthesised *via* hydrochloric acid catalysis.[@cit27] Remarkably, a dramatic increase in PLQY as a function of increasing CPE wt% is observed, reaching 56% and 47% for DI-PBS-4.0 and DI-HTMA-4.0, respectively. A significant increase in PLQY is also observed for the SP-PBS series, reaching 31% for SP-PBS-0.7. This increase in the photoluminescence yield cannot arise simply from the summed contribution of the individual components. In the solvent systems used to prepare the CPE-di-ureasils, **PBS-PFP** (25% (v/v) 1,4-dioxane/water) and **HTMA-PFP** (25% (v/v) MeCN/water) exhibit a maximum PLQY of 23.5% and 28.7%, respectively. Similarly, pure thin films of these CPEs typically display low PL quantum yields (PLQY ∼ 7.5% for **HTMA-PFP**[@cit54]). If these values are simply combined with the typical PLQY for di-ureasils (4--10%),[@cit43] the obtained quantum yield would be substantially lower than the values determined here. An alternative pathway must operate in CPE-di-ureasils to yield this dramatic photoluminescence enhancement.

Picosecond (ps) time-resolved emission studies
----------------------------------------------

Picosecond time-correlated single photon counting (TC-SPC) emission lifetime measurements were performed to gain further insight into the mechanism responsible for the observed PL enhancement. Individually, the CPEs and di-ureasil relax over sufficiently different timescales to enable distinct contributions from each component to the emission lifetime to be identified. Experimental considerations restrict us to excitation at 365 nm, which means that selective excitation is unattainable due to strong overlap of the absorption bands of the two components (Fig. S12[†](#fn1){ref-type="fn"}). However, PLE data mapping suggests that variation of the monitoring wavelength should provide more insight ([Fig. 6](#fig6){ref-type="fig"}). As expected, the undoped DI-PBS-0 sample exhibits two distinct weak emission contributions, located at 370--420 nm (*λ*~ex~ = 320--350 nm) and 425--500 nm (*λ*~ex~ = 350--370 nm). In contrast, DI-PBS-1.0 emits strongly between 400--420 nm, with a systematic increase in the intensity as the excitation wavelength is increased to 370 nm (the absorbance maximum of the CPE). A weaker emission between 470--500 nm is also observed for *λ*~ex~ = 350--370 nm. Based on these observations, monitoring wavelengths of 420 nm and 500 nm should enable us to primarily observe emission from the CPE and the di-ureasil, respectively.

![Excitation-emission data maps for (a) DI-PBS-0.0 and (b) DI-PBS-1.0, where *λ*~ex~ = 320--375 nm (1 nm intervals) and *λ*~em~ = 380--650 nm (1 nm intervals). (c) Emission lifetimes and (d) corresponding pre-exponential *α*~*i*~ values as determined from the fitting of tri-exponential functions to the fluorescence decays of the sample DI-PBS-1.0 as a function of emission wavelength (*λ*~em~ = 400, 410, 420, 430, 440, 450, 460, 470, 480, 490 and 500 nm) (*λ*~ex~ = 365 nm). (e) Emission lifetimes and (f) corresponding pre-exponential *α*~*i*~ values as determined from the fitting of tri-exponential functions to the fluorescence decays for the DI-PBS-*x* series at the di-ureasil emission wavelength (*λ*~ex~ = 365 nm, *λ*~em~ = 500 nm).](c5sc02409a-f6){#fig6}

In solution, poly(fluorene-phenylene) polyelectrolytes often exhibit complex decay curves, which can be resolved into three exponential components: *τ*~CPE1~ ∼ 10--60 ps, assigned to fast intra-/inter-chain energy migration and/or conformational relaxation along the polymer backbone,[@cit55],[@cit56] *τ*~CPE2~ ∼ 400 ps, attributed to radiative relaxation of aggregated polymer clusters,[@cit57],[@cit58] and *τ*~CPE3~ ∼ 800 ps, due to radiative decay of isolated polymer chains.[@cit56],[@cit57] The relative contribution of *τ*~CPE2~ and *τ*~CPE3~ to the total decay profile is thus dependent on the extent of polymer aggregation. Di-ureasils, also exhibit a tri-exponential decay curve in the solid-state at room temperature, with *τ*~DU1~ \< 1 ns, *τ*~DU2~ ∼ 3.0--3.5 ns and *τ*~DU3~ ∼ 9.0--9.8 ns.[@cit42]

The emission decay curves were recorded for DI-PBS-1.0 using monitoring wavelengths at 10 nm intervals in the 400--500 nm spectral window (Fig. S13 and Table S3[†](#fn1){ref-type="fn"}). The decay curves are best fit with three discrete exponential components, whose lifetime (*τ*~*i*~) and pre-exponential contribution (*α*~*i*~) exhibit significant wavelength dependence ([Fig. 6c and d](#fig6){ref-type="fig"}). Between *λ*~em~ = 400--480 nm, a short component of 50--200 ps (*τ*~1~), an intermediate component of 400--440 ps (*τ*~2~) and a long component of 0.7--1.5 ns (*τ*~3~) are identified. Each contribution becomes longer-lived as the monitoring wavelength is increased.

We now consider the origin of each component. *τ*~1~ is reminiscent of *τ*~CPE1~ and is assigned to fast intra-/inter-chain energy migration. However, it is longer-lived, indicating that incorporation of the CPE into the di-ureasil decreases the rate of these relaxation processes. While *τ*~1~ increases up to *λ*~em~ = 460 nm, it subsequently decreases and disappears altogether at *λ*~em~ = 490 nm. The intermediate lifetime, *τ*~2~, is assigned to contributions from both *τ*~CPE2~ and *τ*~DU1~, with the CPE providing the major contribution at *λ*~em~ \< 450 nm, switching to the di-ureasil at longer wavelengths. The pre-exponential coefficients support this assignment ([Fig. 6d](#fig6){ref-type="fig"}): *τ*~1~ appears as a decay time at the onset of the emission band and as a rise time at the end (demonstrated by the switch from a positive to negative *α*~1~ value). Simultaneously, the pre-exponential coefficient (*α*~2~) associated with *τ*~2~ increases in magnitude with analogous wavelength dependence, suggesting interconversion between the species is responsible for these decay pathways. A very long-lived component, *τ*~4~ ∼ 8 ns, emerges at emission wavelengths \>480 nm, coinciding with the disappearance of *τ*~1~. The emission wavelength dependence and lifetimes of *τ*~3~ and *τ*~4~ are typical of *τ*~DU2~ and *τ*~DU3~, respectively. These observations support our assumption that at 420 nm the emission arises largely from the CPE, whereas at 500 nm the di-ureasil contribution predominates.

The PL decays for the DI-PBS-*x* series were also measured to probe the effect of the CPE concentration on the relaxation dynamics (Fig. S14[†](#fn1){ref-type="fn"}). Global analysis of the decay curves reveals that at 420 nm, *τ*~1~, *τ*~2~ and *τ*~3~ and their corresponding pre-exponential coefficients remain effectively constant as the CPE concentration is varied from 1--8 × 10^--3^ wt% (see [Table 2](#tab2){ref-type="table"}). At the highest concentration, however, *α*~1~ decreases significantly and is accompanied by an increase in *α*~2~ and *α*~3~ (see [Table 2](#tab2){ref-type="table"}). At 500 nm, while *τ*~2~ and *τ*~3~ remain constant, *τ*~4~ decreases significantly from 5.5 to 2.2 ns as the CPE wt% increases ([Fig. 6e](#fig6){ref-type="fig"}). This is accompanied by a simultaneous decrease in *α*~2~ and increase in *α*~3~ ([Fig. 6f](#fig6){ref-type="fig"}).

###### Decay times (*τ*~*i*~) and pre-exponential coefficients (*α*~*i*~) resulting from Global analysis of the photoluminescence decays (*λ*~ex~ = 365 nm) of DI-PBS-*x* (*λ*~em~ = 420 nm)

  Sample       *τ* ~1~ (ns)   *τ* ~2~ (ns)   *τ* ~3~ (ns)   *α* ~1~   *α* ~2~   *α* ~3~
  ------------ -------------- -------------- -------------- --------- --------- ---------
  DI-PBS-0.0   0.453          2.459          9.890          0.744     0.208     0.047
  DI-PBS-1.0   0.008          0.342          0.679          0.688     0.262     0.050
  DI-PBS-2.0   0.015          0.343          0.634          0.607     0.308     0.085
  DI-PBS-4.0   0.008          0.324          0.592          0.617     0.285     0.098
  DI-PBS-8.0   0.035          0.372          0.635          0.283     0.576     0.141

A similar pattern was observed for the DI-HTMA-*x* series (see Fig. S15 and Table S4[†](#fn1){ref-type="fn"}). We note that DI-HTMA-1.0 exhibits di-ureasil-like decay times at both 420 nm and 500 nm, which corroborates the earlier evidence from steady-state PL studies. Finally, the PL decay curves for the SP-PBS-*x* series were measured to probe the method of incorporation (see Fig. S16[†](#fn1){ref-type="fn"}). The trends in *τ*~*i*~ and *α*~*i*~ are similar to those observed for the DI-PBS-*x* series at both emission wavelengths, but occur to a reduced extent, suggesting decreased electronic interaction between the CPE and the di-ureasil (see Table S5[†](#fn1){ref-type="fn"}). Moreover, at 420 nm, the emission decays are longer and are dominated by *τ*~2~ (∼500 ps), suggesting that aggregation of CPE chains is increased for the SP-PBS-*x* series (see Table S5[†](#fn1){ref-type="fn"}). These observations are consistent with the results from confocal microscopy, which show the CPE is confined to a surface layer.

Mechanism for photoluminescence enhancement?
--------------------------------------------

The steady-state PL spectra clearly show that the emission originates primarily from the CPE. However, the di-ureasil is an "active" host, which also contributes to the emission properties of the hybrid sample. The significant spectral overlap indicates the potential for energy transfer (*via* either Dexter or Förster mechanisms) between the CPE and the di-ureasil and *vice versa* ([Fig. 7](#fig7){ref-type="fig"}). The time-resolved PL measurements confirm this hypothesis. As the detection wavelength is increased, the emission decay profile transitions from CPE-like to more di-ureasil-like ([Fig. 6](#fig6){ref-type="fig"}), with the CPE emission effectively switched-off at 460 nm.

![Schematic energy level diagram showing proposed mechanism for energy transfer between **PBS-PFP** and the di-ureasil host. The solid black lines represent the tabulated energies for the emissive states taken from [@cit59] for **PBS-PFP** and [@cit60] for the di-ureasil. The shaded bands correspond to the full-width half-maxima (FWHM) values of the corresponding emission spectra.](c5sc02409a-f7){#fig7}

[Fig. 7](#fig7){ref-type="fig"} presents a schematic diagram for the proposed energy transfer mechanism in DI-PBS. Energy transfer and charge carrier trapping both rely on electronic coupling of the donor and the acceptor, the extent of which will depend on both the spatial distribution of the CPE within the di-ureasil matrix and the energy of the electronic states involved. As noted earlier, the DI method results in the formation of CPE domains that are well-distributed throughout the di-ureasil matrix. However, despite displaying these structural characteristics of a composite material, the dramatic increase in the PLQY indicates a synergistic interaction more typical of a hybrid material occurs.[@cit24] The extended nature of the electronic states in conjugated polymers means that excitons are free to migrate along an individual backbone or to hop between chains.[@cit18] Both **PBS-PFP** and **HTMA-PFP** have relatively short chain lengths, corresponding to ∼8--9 repeat units. Assuming a conjugation length of ∼3--4 for a fluorene-phenylene copolymer,[@cit34] this implies that exciton migration along the polymer backbone should not be a significant prerequisite for energy transfer to the di-ureasil.

The strong spectral overlap means that it is challenging to unequivocally assign the direction of energy transfer upon excitation at 370 nm. However, detailed analysis of the emission lifetime data allows some conclusions to be drawn. The fastest decay component, *τ*~1~, becomes a rise time at 440 nm, and since *α*~2~ simultaneously increases, it is reasonable to propose that interconversion occurs between these two species. This response is characteristic of exciton energy transfer (EET) from a high to a lower energy chromophore.[@cit61] We therefore propose that *τ*~1~ corresponds to a combination of EET from the CPE to the di-ureasil and on-chain exciton migration. The lifetime and contribution of the longer-lived components (*τ*~2~, *τ*~3~, *τ*~4~) also depend on wavelength, which suggests that the absorbing and emitting species are chemically distinct.[@cit62] The intermediate lifetime, *τ*~2~, is similar to both *τ*~CPE2~ (polymer clusters) and *τ*~DU1~ and based on the steady state PL spectra, it seems reasonable that the CPE contribution dominates at *λ*~em~ \< 450 nm, and switches to the di-ureasil at longer wavelengths. Notably, at 420 nm, the corresponding *α*~2~ is effectively independent of the CPE concentration, with the exception of the highest wt% studied. Moreover, at this wavelength, *τ*~3~ is comparable to the reported lifetime for radiative relaxation of isolated CPE chains (*τ*~CPE3~)[@cit56],[@cit57] and does not fluctuate with the CPE wt%. These trends suggest that the di-ureasil matrix is extremely effective at inhibiting aggregation of the CPE. Between 440--500 nm, *τ*~3~ becomes longer-lived (1.3--1.6 ns) and is more reminiscent of the reported di-ureasil lifetime, *τ*~DU2~.[@cit42] Remarkably, at *λ*~em~ = 500 nm, *τ*~4~ decreases significantly as the CPE wt% increases, with a concomitant rise in *α*~3~. This trend indicates that the longest-lived di-ureasil component undergoes energy transfer to isolated CPE chains rather than CPE clusters, which is supported by the constant *α*~2~ value at 420 nm. The fact that the di-ureasil can energy transfer to the CPE is fully consistent with the description of localised excited states in the inorganic moiety.[@cit29]

The CPE emission profile dominates the steady-state photoluminescence spectra of the CPE-di-ureasils and must provide the major contribution to the PLQY. One of the key processes that controls the PLQY of emissive conjugated polymers is the quenching of excitons at non-emissive defect sites.[@cit63] Aggregation can increase the rate of exciton migration, leading to a decrease in the PLQY due to trapping at these sites. This should be exacerbated with increasing CPE concentration, which is in direct contrast to the trend observed here. The lifetime data indicate that the di-ureasil matrix is in fact very efficient at inhibiting CPE aggregation. Moreover, the FTIR data reveal a high degree of hydrogen-bonding is present in our system, and indeed this may be attributed in part to interactions between the di-ureasil and the polar terminal groups on the side chains of both CPEs. Particularly at higher concentrations, DI-PBS-*x* samples possess a less ordered di-ureasil matrix, suggesting greater interaction between CPE and host when compared with their DI-HTMA counterparts. Matrix-inhibited aggregation has recently been demonstrated as an effective mechanism to isolate CPE chains in poly(vinyl alcohol) (PVA) films.[@cit54] A significant increase in the PLQY was observed for water-soluble poly(fluorenephenylene) CPEs (including **HTMA-PFP** and **PBS-PFP**) upon their incorporation into the rigid, hydrogen-bonded PVA matrix, which was attributed to a combined reduction in chain flexibility and increase in chain isolation upon incorporation.[@cit52] Di-ureasils have also been shown to effectively inhibit the aggregation of molecular organic dyes (*e.g.* rhodamine B).[@cit64]

In the CPE-di-ureasil system, however, the lifetime data indicate an energy transfer process also contributes to the enhanced PLQY. We propose that the CPE is the primary light-absorbing component and that after photogeneration, excitons migrate to lower energy subunits. Given the relatively short conjugation length of the CPEs used, it is reasonable to suggest that EET to the di-ureasil will be as, if not more, important than on-chain exciton migration. The individual lifetime components of the pure di-ureasil hybrid at room temperature have yet to be formally assigned.[@cit42] However, at 14 K, time-resolved emission spectra revealed the predominance of the "purple" component from silica defects at 1--5 ms, with the emergence of the lower-energy "blue" component associated with the NH centres at longer times (\>10 ms).[@cit37] Interestingly, an abrupt decrease in the emission lifetime from the milli- to nanosecond timescale is observed at temperatures above 220 K.[@cit25] It is therefore tempting to assign *τ*~4~ at 500 nm to this emission component. The decrease in *τ*~4~ with increasing CPE concentration, in conjunction with the increase in *α*~3~, would suggest that energy transfer additionally occurs from the NH-centred trap states to the CPE. At first glance, analysis of the relative energy levels of the individual components indicates that this would require an uphill jump in energy. However, strong electronic coupling results in excitation sharing across a large number of sub-units (in both the CPE and the di-ureasil), meaning that there are a significant number of electronic energy levels in each exciton manifold.[@cit65] As such, a band structure description, rather than discrete energy levels, is more appropriate for this system. In this case, at room temperature (*k*~B~*T* ∼ 0.03 eV), there is sufficient band overlap to facilitate forward and thermally-activated reverse energy transfer between all components, provided that the long-range Coulomb transfer integrals are sufficient.[@cit65] This leads us to propose that EET occurs to an isolated CPE chain (as indicated by the lifetime data), which has a high radiative probability, giving rise to a long emission lifetime (*τ*~3~) and correspondingly high PLQY.

Conclusions
===========

CPE-di-ureasil organic--inorganic composites have been successfully synthesised using mild, solution-processing conditions, with no phase separation observed. *Direct Insertion* leads to a homogeneous distribution of isolated CPE domains throughout the bulk sample, whereas *Solvent Permeation* results in the formation of a confined layer of the CPE at the surface. The structural integrity of the di-ureasil is retained upon incorporation of the CPE at all wt% concentrations investigated. However, the *Solvent Permeation* method does lead to disruption and reordering of the disordered hydrogen-bonded POE/urea associations present within the di-ureasil network.

The CPE and the di-ureasil both contribute to the photoluminescence properties of the material, which leads to a dramatic enhancement in the PLQY. This is partly due to effective disentanglement and isolation of individual CPE chains through weak physical interactions with the di-ureasil matrix, which are more favourable for **PBS-PFP** than **HTMA-PFP**. However, steady-state and ps-time-resolved emission studies also indicate that cooperative electronic interactions between the constituent building blocks are important. While the emission profile is predominantly characteristic of the poly(fluorene) CPE, the excitation energy dependence and red- and blue-edge band broadening are indicative of the di-ureasil contribution. The emission decay dynamics are complex but clearly demonstrate that the di-ureasil effectively isolates CPE chains, yielding emissive sites that have a high radiative probability. Moreover, intimate mixing between the two components and their high spectral overlap, lead to efficient energy transfer from both the siliceous and urea domains of the di-ureasil to these emissive centres, which results in the observed increase in the PLQY for the hybrid system.

CPE-di-ureasils and related hybrid materials offer a wealth of potential applications from hybrid photovoltaics, to optical sensors and luminescent solar concentrators. We note, in particular, that the electronic coupling between the CPE and the ureasil may be important for both TADF and light-harvesting in hybrid solar cells. This could be invaluable for extending the spectral response in perovskite or other photovoltaic devices. The power of the approach presented here lies both in its simplicity and versatility. Through judicious selection of the constituents, it is possible to tailor the optical properties (*e.g*. emission colour, energy transfer, PLQY) for a targeted application. Moreover, a huge variety of Jeffamine™ precursors[@cit66] are commercially-available, which also makes tuning of the mechanical properties possible (*e.g.* strength, flexibility, porosity). Controlled placement of the CPE is facilitated through the synthetic procedure used. Indeed, Solvent Permeation may offer a convenient route for the introduction of one or more lumophore layers within a confined region of an active layer. This approach has the potential to reduce the complexity of multi-layer device architectures and may yield improved device performance.
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